Background: Human fetal striatum-derived neural stem cells (hfsNSCs) are important in regenerative medicine; however, their ability to self-renew diminishes quickly following passages in culture. Typically when hfsNSC-derived neurospheres are dissociated by accutase, more than 90% of the cells survive, but only 6-8% of the cells are able to form secondary neurospheres. Our hypothesis is that the hfsNSCs that are unable to form new neurospheres become apoptotic. Methods/Results: Because the NSC apoptosis process has never been characterized in detail, we characterized hfsNSC apoptosis using multiparameter analysis and determined that the majority of hfsNSCs undergo apoptosis after passaging, which leads to a reduction in self-renewal. The replacement of trituration with vortexing decreases apoptosis, increases self-renewal, and does not affect NSC differentiation. When we used live cell staining with Annexin V, Hoechst 33342, and PI together, the apoptotic index was in agreement with what could be obtained using fixed-cell staining methods, including TUNEL and activated caspase-3 immunocytochemistry. NSC apoptosis could be divided into 9 stage types based on our live cell assay. Several types during early and late stages had similar staining profiles that could be further discriminated based on cell size. Conclusion: Apoptosis largely contributes to the low self-renewal of neurospheres, and replacing trituration with vortexing aided in alleviating NSC apoptosis. Multiparameter analysis is required for the identification of NSC apoptosis, particularly when live cell staining is used.
Introduction
Neural stem cells (NSCs) can be harvested from fetal and adult mammalian and human brains [1] [2] [3] . NSCs are important for the study of neural development and are candidate cell types for treating neurodegenerative and cerebral vascular diseases such as Parkinson's disease (PD), Alzheimer's disease (AD), ischemic stroke, and intracranial hemorrhage [4, 5] . NSCs also can migrate toward tumor cells and decrease their growth [6, 7] , can modulate microglial function, and can change the micro-environment of the brain [8] .
During the passaging of cultured NSCs, survival as determined by trypan blue dye exclusion exceeded 90% immediately following accutase digestion; however, the self-renewal of either mouse or human NSCs as indicated by secondary neurosphere formation, which occurs 5-7 days after passaging, was as low as 6-8% [9, 10] . This obvious discrepancy led us to hypothesize that non-clonogenic NSCs might undergo apoptosis before the formation of secondary neurospheres.
To our knowledge, the apoptosis process and particularly the morphological changes that occur in hfsNSCs have not been described in detail, and these changes are important for identifying apoptosis in these cells.
The positive identification of apoptotic cells based on single measurement readouts could lead to potential artifacts [11] . Several methods have been used to measure apoptosis. For example, Annexin V and Hoechst 33342/PI are used to detect apoptosis in live cells, and active caspase 3 staining and TUNEL (Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling) are used to identify apoptosis in fixed cells or tissues [11] [12] [13] [14] [15] .
Although some apoptotic signals, such as Annexin V and Hoechst 33342/PI, can be detected by a multiparameter cytometry assay, morphological changes detected under a light or fluorescent microscope are still the "gold standard" for discriminating apoptosis and necrosis and for confirming cytometric results. The lack of a thorough microscopic examination could lead to misclassification and false-positive or negative artifacts [11, [16] [17] [18] [19] . For example, setting the "gate" is essential to remove cell debris if cytometry is used to detect apoptosis following Annexin V or Hoechst 33342 staining. However, without knowing the changes that occur in NSCs during different stages of apoptosis, it is difficult to set an appropriate gate. Additionally, active caspase 3 staining and TUNEL can both be used to detect late apoptosis [20, 21] , but whether these two methods are equivalent for apoptotic assays in human NSCs remains uncertain.
A final concern relates to mechanical injury during passaging. Accutase digestion and triturating with a fire-polished Pasteur pipette are detrimental to NSCs during passaging. The use of accutase is essential, but Pasteur pipette triturating could be replaced by vortexing; however, the differential effects of triturating vs. vortexing on apoptosis have not been studied.
Therefore, we sought to characterize the changes in NSC morphology and staining that occur during apoptosis. We compared different apoptotic measures and documented whether the low levels of NSC self-renewal are due to apoptosis following passaging. Finally, we studied the apoptosis induced by mechanical injury following pipetting during passaging and the effects on NSC self-renewal and differentiation.
Materials and Methods
All human tissues and cells in the present study were used with written informed consent of the participants and approval of the Ethics Committee of XuanWu Hospital (No.2012XW022).
Neural stem cell culture
Three male fetuses, which were spontaneously aborted at 16, 17, and 20 weeks of gestation, were collected by the Obstetrics and Gynecology Department of XuanWu Hospital The brain striata were exposed, minced, and pipetted 3-5 times with a fire-polished Pasteur pipette, and the brain tissue was dissociated into a mixture of single cells, cell clusters, and tissue debris. The mixture was incubated in serum-free medium composed of DMEM/F12 (Life Technology, Grand Island, NY,USA), 1:50 B27 (Life Technology), 2 mM L-glutamine (Life Technology), 20 ng/mL EGF (R&D Systems, Minneapolis, MN,USA), and 20 ng/mL bFGF (R&D). The medium was changed twice a week, and neurospheres typically formed 3-5 days after plating.
Passaging of NSCs
Mechanical chopping with a microtome was used for the 1st and 2nd passages of neurospheres. Enzyme digestion and disassociation was then applied for subsequent passaging. When the spheres were ~200-400 μm in diameter, they were collected and placed into 15-mL centrifuge tubes and centrifuged at 1,000 rpm for 3 minutes. The medium was then removed, and the cells were washed with D-PBS without calcium or magnesium.
Next, 1 mL accutase was added to the culture vessel and incubated for 8 min at room temperature. During the incubation if vortexing was used, the fire-polished Pasteur pipette was not applied. Vortexing was applied at 1,500 rpm (10-20 sec each time) for a total of 10 times to loosen the neurospheres. Total vortexing time did not exceed 3 min. If a Pasteur pipette was used, triturating was performed only 8-10 times. After incubation, the cells were centrifuged at 1,200 rpm for 3 min, and the supernatant was aspirated and discarded. The cells were resuspended in NSC-serum free medium and were counted with a hemocytometer. Finally, the cells were plated in fresh medium (2-4×104 cells/cm2) and were split at a 1:4 ratio.
To measure adherent NSCs, culture dishes were coated (with or without cover slips inside) with 0.01% poly-L-ornithine overnight at 4 °C or for 1 h at 37 °C. On the second day, culture vessels were rinsed twice with sterile water, and the culture dish surfaces were coated with 20 μg/mL laminin overnight at 4 °C or for 1 h at 37 °C. The culture vessel was then rinsed with calcium-and magnesium-free D-PBS, and the dishes were covered with D-PBS until use.
Immunofluorescence staining for cultured cells
After disassociation by accutase, the cells were plated on a coverslip pre-coated with poly-ornithine and laminin. Growing or differentiating NSCs were fixed with 4% PFA for 20 min. After blocking with 3% bovine serum albumin, the cells were incubated overnight with primary antibodies for nestin (Millipore, Temecula, CA, USA), Sox2 (Cell Signaling, Danvers, MA, USA), or active caspase-3 (Cell Signaling). Cells were then incubated with FITC-or Cy3-labeled goat anti-mouse or anti-rabbit IgG (Jackson-ImmunoResearch, Bothell, WA, USA) for 60 min in the dark, counterstained with DAPI for 15 min, and counted under a fluorescent microscope (Leica 4000B, Germany).
Detection of apoptosis
At 2 and 24 h after passaging, NSC apoptosis was measured by Annexin V and Hoechst 33342/PI staining for live cells and by active caspase-3 staining and TUNEL following 4% PFA fixation.
Annexin V and Hoechst 33342/ PI staining for apoptosis
Live cell staining was performed using an Annexin V-FITC/PI apoptosis kit (B&D Systems, Minneapolis, MN, USA) and Hoechst 33342 from Sigma-Aldrich (St. Louis, MO, USA). Neurospheres during passage 3-5 were harvested, washed with PBS, dissociated and plated onto poly-ornithine and laminin-coated coverslips in 24-well plates. Briefly, 10 μl of Hoechst 33342 and 5 μl of PI (50 mg/mL) were added to each 1 mL of NSC medium in each well and mixed thoroughly. Cells were incubated at room temperature in the dark for 10 min. The medium was discarded, and 5 µl Annexin V-FITC was added to each 1 mL buffer and mixed thoroughly. The buffer was added to cell samples, and the cells were incubated for 10 min at room temperature (21-22 °C) in the dark without agitation or shaking. Finally, the fluorescence of Annexin V-FITC, Hoechst 33342, and PI was observed.
Active caspase 3 and TUNEL staining for apoptosis
For TUNEL staining, we used an In Situ Cell Death Detection Kit (Roche, Basel, Switzerland). To obtain a 50-μl TUNEL reaction mixture for each cell sample, 5 μl of enzyme solution (Terminal deoxynucleotidyl transferase) was added to 45 μl of the label solution (Nucleotide mixture in reaction buffer).
The cells were rinsed twice with PBS, and the 50 μl TUNEL reaction mixture was added to the sample. For the negative controls, only 50 μl of label solution (without enzyme solution) was added to each sample. The cells were incubated in a humidified incubator for 60 min at 37 °C in the dark, and the cells were then rinsed 3 times with PBS.
Fluorescence imaging
Live cell imaging was performed using a Leica inverted fluorescent microscope (Germany) equipped with an environmental chamber maintained at 37 °C and 5% CO2 to allow for live cell recording. For the fluorescence imaging of both fixed and live cells, the excitation and detection wavelengths were 488 nm and 518 nm for green, 550 nm and 570 nm for red, and 350 nm and 460 nm for blue. Images were recorded in RGB mode using a 20x len.
Determination of apoptotic indices
Apoptotic states were measured by the apoptotic index (AI), which is expressed as the percentage of apoptotic cells over the total number of cells.
Notably, dead cells (stage type 8) are included in the total cell number counting, but debris (stage type 9) is not.
Each experiment in this study was repeated at least three times. For each culture dish, 9-12 fields were randomly selected for imaging and counting. For these experiments, the AI was calculated using activated caspase-3 staining, Annexin V, Hoechst 33342/PI, and TUNEL.
Determination of clonal rate and diameter of new neurospheres
Neurosphere-forming capacity is a critical feature of NSCs. The frequency of secondary neurosphere formation after the disassociation of primary neurospheres is an indicator of NSC self-renewal, and the neurosphere size correlates with the proliferation capacity of NSCs [22] . To test the effects of triturating and vortexing on NSC self-renewal and proliferation, neurospheres at passage 3-5 were dissociated into single cells with accutase and were then plated on poly-ornithine and laminin coated coverslips. Secondary multicellular neurospheres were counted at 7 d, and the diameters of the new neurospheres were measured [22] .
For each apoptosis stage type, 9-12 fields were photographed at 200x magnification. The photographs were captured using IPP software (Health World, Australia) and analyzed using ImageJ software.
The morphology of the NSCs cultured in our study was round or nearly round. In theory, the diameter should be defined as the distance between two parallel tangential lines of the circle. To measure the diameter, we used the "line" tool of ImageJ software to select one point on the circle and move to another point along the circle; the longest line between the two points is the diameter length. For each cell, the measurement of the diameter was repeated 3-4 times, and the values were averaged.
NSC differentiation
To measure the effects of triturating vs. vortexing on NSC differentiation during accutase digestion, we plated triturated and vortexed cells, induced differentiation, and used IHC to stain for Tuj-1 for neurons and GFAP for astrocytes. Briefly, neurospheres at passage 3-5 were used. Five days after disassociation and plating, NSCs were induced to differentiate by removal of the mitogens bFGF and EGF. After 14 days, the cells were fixed, and immunohistochemistry for Tuj-1 to mark immature neurons and GFAP for astrocytes was then performed.
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Statistical Analysis
Microsoft Excel (Microsoft, http://www.microsoft.com) software was used for calculating mean and standard deviation and for the construction of histogram plots. Samples that passed the normal distribution test were subjected to one way-ANOVA. Statistical significance was defined as p<0.05.
Results

NSC cultures
NSCs were isolated and cultured from the striata of human fetuses that were terminated due to an injury induced abortion at 14-20 weeks of gestation. Original NSCs were cultured in serum-free medium for 2-3 days to form neurospheres. After 2 passages, the neurospheres grew denser with nonspecific shapes (Fig. 1A) . Once the neurospheres reached 0.2-0.4 μm in diameter, they were dissociated by accutase and passaged (Fig. 1B) , and these neurospheres could be cultured for 8-10 passages over the next 2-4 months. During passage 3-5, trypan blue staining confirmed 93.5±10.36% cell survival immediately following accutase treatment.
Adherent NSCs could be cultured on the bottoms of culture dishes pre-coated with polyornithine and laminin (Fig. 1C) . The attached neurospheres were surrounded by numerous single cells (Fig. 1B) , and immunocytochemistry staining revealed that most (>90%) cells within and around these neurospheres were Nestin-and SOX2-positive ( Fig. 1D-I ).
Characterization of NSC apoptosis by live cell staining
At 2 and 24 h after passaging, NSC apoptosis was measured by Annexin V, Hoechst 33342 and PI staining as shown in Fig. 2 and Fig. 3 , respectively. 
Identification of normal NSCs
The first stage type reflects normal NSCs. The cytoplasm and nucleus of these cells were round and integrated. Because Annexin V-and Hoechst 33342-positive staining indicates cells undergoing apoptosis, normal NSCs should be Annexin V-and Hoechst 33342-negative ( Fig. 2A grey arrow , 3A #1,#4 , 4 A1-6,). These cells were also PI-negative. Therefore, typical, normal NSCs were Annexin V-/Hoechst 33342 -/PI-.
Identification of cells transitioning from normal to apoptotic
Most NSCs at 2 and 24 h were able to be stained with Hoechst 33342, including dim blue (Hoechst 33342 dim, Fig. 3A-B, #2,#3 ), blue (Hoechst 33342+, Fig. 2A -H, hollow grey arrowhead ), and brighter blue (Hoechst 33342++ or +++, Fig. 2A -H, solid grey arrowhead #1--#3 ).
Based on cellular morphology and staining, Hoechst 33342-positive cells were able to be divided into stage type 2, 3, and 4 as follows:
Stage type 2 cells were Hoechst 33342 dim or + and Annexin V-/PI- ( Fig. 4 A,B 1-6 ). These cells were defined as being in transition from normal to apoptotic. 
Identification of apoptotic cells
Stage type 3 cells were Hoechst 33342+, Annexin V+ and PI-negative (Annexin V+/ Hoechst 33342+/PI-), ( Fig. 2A-H, #2 , Fig. 4 C1-6 ) . At 2 h after plating, many Annexin V-positive cells do not overlap with PI or Hoechst 33342 staining, and these cells are similar to normal cells in appearance. We assumed these cells are at the initiation point of apoptosis because it has been documented that live cells exclude both Hoechst 33342 and PI after the initiation of the apoptotic cascade, during which the plasma membrane becomes selectively permeable to some fluorochromes such as Hoechst 33342, but remains impermeable to larger cations such as PI [23] .
Stage type 4 cells were Annexin V+/Hoechst 33342+/PI+ ( Fig. 2A-H . #3 , Fig. 4 C1-6 ). We assumed that these were stage type 3 cells that had transitioned from PI-to PI+ as stage type 3 and 4 cells differed by PI staining. Because Annexin V+/ Hoechst 33342+ cells are undergoing apoptosis, whether they take up PI, both stage types could be considered apoptotic.
The brighter blue (Hoechst 33342++or+++) cells could be found readily both at 2 h ( Fig.  2A-H , solid gray arrowhead, #1,-#3 ) and 24 h (Fig. 3A-H . #1-4 ) after passaging. All of those cells were also positive for PI and Annexin V (Annexin V+/Hoechst 33342++ or +++/ PI+), and could be clearly identified as apoptotic.
Based on the intensity of the blue (Hoechst 33342) staining and cell size, Hoechst 33342-brighter cells could be divided into 3 stage types (stage type 5, 6, and 7).
The Hoechst 33342 color intensity increases from stage type 5 (Hoechst 33342++, Fig.  4D ) to stage type 6 (Hoechst 33342+++, Fig. 4E ), and then decreases in stage type 7(Hoechst 33342++, Fig. 4F ) , during which the cell size continually decreases from stage 5 to 7.
Identification of dead cells and debris
At 2-24 h after passaging, pyknotic cells resulting from the collapse of the cell body structure could be found scattered around the NSCs (Fig. 3A) . These cells were defined as stage type 8 (Annexin V+/Hoechst 33342-/PI-) and are considered dead due to a loss of both normal cell morphology, as seen by phase contrast microscope, and nuclear structures, as observed by Hoechst 33342 or PI staining. Interestingly however, these cells could still be stained by Annexin V (Fig. 3C, 3F black arrow ). Stage type 8 cells should be discerned carefully from other stage types because they are easily mistaken for stage type 3 cells (Annexin V+/Hoechst 33342+/PI-, Fig. 2. #2 ), with weak blue brightness that is similar to Hoechst dim. However, these "dead" cells are smaller than type 3 cells.
Finally, cells that have lost all staining, including Hoechst 33342, PI, and Annexin V (Fig.  3A-H ) were considered stage type 9 "debris" rather than dead cells.
Notably, dead cells are included in the total cell number count, but debris was not.
Changes in NSC size across the apoptosis stage types
The diameters of NSCs different types are summarized in Table 1 and the comparison is summarized in Fig. 5 . 
Detection of NSC apoptosis by active caspase 3 immunohistochemistry and TUNEL
Caspase activation and TUNEL are both sensitive, reliable, and specific indicators that can be used to detect or quantify apoptosis [24] . A strong correlation of apoptotic indices obtained with activated caspase-3 immunostaining and TUNEL assay has also been found in tissue sections [25] .
In this study, PFA-fixed NSCs were observed by active caspase 3 immunohistochemistry and TUNEL staining to offer information about their ability to serve as markers for the detection of apoptosis.
At 2 and 24 h after plating, we concluded that TUNEL stained the cells that also stained positively for DAPI; in the absence of a nucleus, no TUNEL signal could be detected. To avoid false-positives, we double-stained TUNEL and immunohistochemistry for active caspase 3.
At 24 h after passaging, TUNEL and active caspase-3 staining overlapped in cells (Fig.  6A-F) . Additionally, some cells were TUNEL-positive and active caspase 3-negative ( ), but these were few and the apoptosis indices (AIs) did not significantly differ between the methods tested (Fig. 6B-D,F) . The nuclear structure of brighter blue cells included shrunken (square ) and fragmented (rectangular ) cells, which were characteristics of middle and late stages of apoptosis, in addition to nearly normal cells ( ). Therefore in NSCs, active caspase-3 and TUNEL staining represented the middle or late stages of apoptosis but also marked some apoptotic cells that were morphologically normal.
Comparison of apoptosis indices detected by different methods
Both at the beginning and the end of apoptosis, Annexin V staining does not perfectly overlap with Hoechst 33342 and PI, and PI is used to discriminate the stage type 3 and 4 cells. Therefore, Annexin V, Hoechst 33342 and PI were used together for the quantification of live cell apoptosis. Stage type 3-7 cells were included in the apoptotic cell counting, but normal cells, transition cells, dead cells, and debris were not.
Apoptotic indices obtained from TUNEL and immunohistochemistry for active caspase 3 did not differ in NSCs, and the AIs obtained from Annexin V/ Hoechst 33342/PI, and TUNEL staining in NSCs are shown in Fig. 7A-B .
During NSC passaging, triturating with a Pasteur pipette is typically used to disassociate spheres into single cells. The AIs detected by Annexin V/Hoechst 33342/PI, and TUNEL staining were significantly greater at 24 h than at 2 h (Fig. 7A-B , ** p<0.01). At 2 and 24 h after passaging, the apoptosis rates of NSCs were 51.75±9.22% and 79.25±12.89%, respectively, as detected by Annexin V/Hoechst 33342/PI staining. If TUNEL staining was used, the NSC apoptosis rates were 52.91±11.89% and 81.57±3.01%, respectively (Fig. 7A-B) .
Among the apoptosis indices obtained by live cell and fixed cell assays, none of the time points were significantly different (Fig. 7A-B ).
Replacing trituration with vortexing during passaging decreases apoptosis and increases the self-renewal and proliferation of NSCs
The use of fire polished Pasteur pipettes during passaging damages NSCs. Vortexing can help with the disassociation of neurospheres, but the best technique to use for dissociation remains unclear. In this experiment, neurospheres at passage 3-5 were digested by accutase and dissociated into single cells by either triturating or vortexing and then cultured for another 7 days. Passage 3-5 was chosen due to a concern of NSC senescence in vitro. Neural stem cells cannot be expanded for the same length of time as embryonic stem cells, which usually can be enzymatically passaged 25 times or more without the acquisition of chromosomal abnormalities [26] . NSCs usually become senescent and lose the ability to self-renew and proliferate [27] . To avoid senescence, we first chose a passage number during which the self-renewal of NSC is constant. At passage 3-5, accutase digested cells were consistent with respect to secondary neurosphere formation and clonal diameter. Thus, the self-renewal and proliferation of hfsNSCs did not change significantly during these passages.
When we used vortexing to dissociate neurospheres, the apoptosis rates of NSCs were 45.29±7.31% and 68.52±8.95% as detected by Annexin V/Hoechst 33342/PI at 2 and 24 hours after passaging, respectively. If TUNEL staining was used, the NSC apoptosis rates were 48.96±7.08% and 71.78±9.80%, respectively (Fig. 7C-F) .
Our live cell assay at 2 h and both the live and fixed cell assays at 24 h showed significantly fewer apoptotic cells following vortexing vs. triturating (Fig. 7 C-F, * p<0 .05,** p<0.01).
We observed the clonogenic stem cell frequency of a whole cell population by quantifying secondary sphere formation, which correlates directly with self-renewal capacity [28, 29] , and new clone diameter, which correlates with NSC proliferation.
Compared to vortexing, triturating NSCs resulted in a distinct reduction in new neurosphere formation rates from 8.55±1.32% to 6.45±1.21% (p<0.01), and in clone diameter 29.41±4.34 μm to 23.64±4.50 μm (p<0.01). This result indicated that the capacities for hfsNSCs to self-renew and proliferate were significantly impaired by Pasteur pipette triturating.
Effects of trituration vs. vortexing on NSC differentiation
To assess whether triturating vs. vortexing had an effect on cell fate during NSC differentiation, we plated accutase-passaged cells that had been disassociated by triturating or vortexing, and assessed their subsequent differentiation by staining for neural lineage markers: Tuj-1 for neurons (Fig. 8A-C) and GFAP (Fig. 8D-F) for astrocytes. NSCs at passage 3-5 were fully differentiated after 14 days of differentiation. When triturating was used, the neuronal and astrocyte percentages were 45.74±6.37% and 35.21±7.61%, respectively. If vortexing was used, NSCs gave rise to 47.93±6.34% neurons and 32.50±5.45% astrocytes. Therefore, triturating and vortexing had similar effects on neuronal and glial fates.
Discussion
Expansion of hfsNSC quantity is difficult because of low self-renewal irrespective of the sources [9, 30] . In addition to self-renewal and differentiation, apoptosis of NSC requires more study. The fate of cells that could not form new spheres is unclear. These cells might be dormant, and activation may prompt them to proliferate and may offer a new method for expanding NSCs [31] . The appearance of non-clonegenic cells, which are round and small, and that these cells can easily be washed off when changing medium, suggest that nonclonegenic cells may have undergone apoptosis shortly after being passaged.
To characterize the hfsNSC apoptosis, we used Annexin V and Hoechst 33342/PI staining for live cells, as well as TUNEL and active caspase-3 immunostaining for fixed cells to confirm the accuracy of the assays and estimate the value of each technique. We then investigated the apoptosis percentage of hfsNSCs within 24h after accutase passaging, and lastly measured the influence of trituration and vortexing on the apoptosis and self-renewal of NSCs.
The primary finding of our work is that apoptosis plays a large role in the low selfrenewal rate observed following neurosphere passaging. NSC apoptosis at 2 h and 24 h increases continuously, and newly plated NSCs show more apoptosis at 24 h vs. 2 h, with nearly 70-80% or more cells being apoptotic 24 h after passaging. The live cell percentage as measured by trypan blue exclusion immediately following disassociation of neurospheres was high, but as suggested by our results, the trypan blue test cannot predict long-term NSC survival.
In our experiments, Annexin V staining and Hochest 33342 bright blue did not co-localize in many cases, particularly at the 2 h time point. Our live cell apoptosis assay was performed only when Annexin V, Hoechst 33342, and PI were used together, and the apoptosis index obtained with Annexin V/Hoechst 33342/PI was in agreement from our data using TUNEL and active caspase 3 staining. Thus, the identification of NSC apoptosis in our experiments was confirmed by our multiparameter analysis.
Our second discovery is that triturating NSCs produced more apoptosis than vortexing after passaging. The effects of accutase digestion on NSC self-renewal and proliferation is stable [30] . Cell disassociation procedures such as accutase digestion and mechanical triturating are harmful to neurospheres and increase NSC apoptosis. We measured NSC apoptosis with our TUNEL and Annexin V/Hoechst 33342/PI assays at P3-P5, and detected significant differences between the use of trituration and vortexing for disassociation. We hypothesized that the difference between triturating and vortexing is that trituration with a fire polished Pasteur pipette does more harm to the NSCs than vortexing. However, changing the mechanical disassociation method produced only limited effects on reducing apoptosis. Even with vortexing, the apoptosis rate of NSCs remained as high as 50-60%. Therefore, an anti-apoptosis treatment might be a more effective method for improving NSC self-renewal.
Furthermore, no matter which mechanical disassociation method was applied at passage 3-5, human fetal striatum-derived NSCs differentiated into neurons and astrocytes at similar ratios. Thus during the accutase digestion of NSCs, damage from trituration or vortexing did not selectively injure progenitors of neurons or glial cells.
Our third finding is that multiparameter analysis and the measurement of cell diameter is needed to identifying NSC apoptosis, especially when live cell staining is used. The apoptotic status identification depends on the cell type [11] , and it is therefore essential to characterize the apoptosis of hfNSCs in detail. In addition to determining that several stage types are needed to categorize NSC apoptosis, we also observed that both live-cell (Annexin V/Hoechst 33342/PI) and fixed-cell staining (TUNEL and active caspase 3) can be used to define a wide range of apoptotic NSC populations.
Hoechst 33342+ is likely be mistaken for Hoechst 33342dim, and at the beginning of apoptosis or during the process of transitioning from viable to apoptotic, some cells are Annexin V-/Hoechst 33342+/PI-( Fig. 2A-H, #1 ), which could easily be mistaken for apoptotic cells due their Hoechst 33342-positive status. However, these cells should be classified as being in transition from normal to apoptotic. Except for these instances, Hoechst 33342+ cells should be considered apoptotic due to their positive Annexin V staining.
It Usually Annexin V is used to detect early apoptosis, and active caspase 3 antibody staining and TUNEL are used to identify later or final stages of apoptosis [11] [12] [13] [14] [15] ; however, this may not be the case for NSC apoptosis.
It has been reported that phosphatidyl serine (PS) exposure appears to last from the early execution phase of apoptosis through the final stage in some cells [32] . In our experiments, double staining of Annexin V and PI was observed clearly in apoptotic NSCs (Fig. 4D, E, F ). During the late apoptosis stages, NSC debris retains Annexin V staining, even after diminishing Hoechst 33342 and PI. This finding suggests that Annexin V will stain PS residues on the ruptured inner or outer surfaces of the NSC plasma membrane even after the cell nucleus has collapsed, which could explain why stage type 8 cells remain Annexin V positive.
Whether TUNEL and active caspase 3 staining overlap perfectly following the digestion of NSC using other enzymes such as trypsin requires further study. When accutase and vortexing were used in our experiments, TUNEL and active caspase 3 staining overlapped well. Moreover, the activation of caspase 3 and TUNEL-based detection of DNA fragmentation was observed at the beginning and during the early stages of apoptosis in our study. Because the activation of caspase 3 and DNA fragmentation persists from early to later stages of apoptosis, TUNEL and active caspase 3 staining can be used to define a wider range of apoptotic NSC populations.
Our final finding is the apoptotic NSCs continue to decrease in cell size. Some reports have suggested that when the apoptotic cascade advances, cells become progressively smaller, which could be a marker for apoptosis in some cell types; however, cell size alone is not a universal marker for all cell types during early apoptosis [17, 33] . We found that human NSCs follow this trend at the initiation and during the entire process of apoptosis, continually decreasing their size, which allows us to use NSC cell size to discriminate between early and late apoptotic cells, such as stage type 4 and 7 NSCs, which are all Annexin V+/Hoechst 33342+/PI+ but differ in their sizes.
It is notable that although we divided NSC apoptosis into 9 stage types based on our live cell assay, we do not have direct evidence showing that NSCs undergo each of the 9 stage steps progressively one by one. We hypothesized that NCS progress through this sequence of stages during apoptosis based on two rationales. The first is that NSCs can progress only along the different stages from normal to apoptotic and ultimately to disintegrated in one directions. In our experiments, NSCs progress from normal (stage type 1) to transitioning (stage type 2), apoptosis (stage types 3-7), death (stage type 8), and finally cell debris (stage type 9). The second rationale is based on the generally accepted concepts of apoptosis, such as the progressive absorption of Hoechst 33342/PI and the morphological changes of the cell and nucleus.
In conclusion, apoptosis greatly contributes to the low self-renewal of NSCs after passaging as identified by multiparameter analysis. Replacing trituration with vortexing is good to NSC survival, but anti-apoptosis treatment may be more effective in improving NSC self-renewal.
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